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Introduction
Clear cell renal cell carcinoma (ccRCC) is unique in its capacity to metastasize to nearly any site in the 
body, including uncommon sites like the tongue, salivary glands, spleen, testes, and pancreas (1–3). While 
metastases to the pancreas are infrequent, when they are found, ccRCC is a frequent primary site (4–9). 
Pancreatic metastases (PM) may be found in isolation, but also in more broadly metastatic tumors (10, 11).

What makes PM tropism particularly interesting is that when metastasizing to the pancreas, ccRCC 
is associated with better outcomes in patients, and this is the case even when other metastatic sites are 
involved (6, 12–17). However, whether the improved prognosis can be accounted for by validated prognos-
tic models, such as the international metastatic database consortium (IMDC), is not known. In addition, 
whether the improved outcomes are indicative of  a particular biology, and whether this has implications for 
systemic therapy, is similarly unknown.

Here, in the largest and most comprehensive study of  its kind, we sought to gain insight into the signif-
icance and biology of  PM tropism.

Results
Improved overall survival in patients with PM is independent of  validated prognostic models (IMDC) and extent of  
metastases. While metastases to the pancreas are infrequent, analyses across 2 institutions (UT Southwest-
ern [UTSW] and Cleveland Clinic) identified 31 patients with PM (Table 1 and Supplemental Figure 1; 

Renal cell carcinoma (RCC) is characterized by a particularly broad metastatic swath, and, 
enigmatically, when the pancreas is a destination, the disease is associated with improved 
survival. Intrigued by this observation, we sought to characterize the clinical behavior, therapeutic 
implications, and underlying biology. While pancreatic metastases (PM) are infrequent, we 
identified 31 patients across 2 institutional cohorts and show that improved survival is independent 
of established prognostic variables, that these tumors are exquisitely sensitive to antiangiogenic 
agents and resistant to immune checkpoint inhibitors (ICIs), and that they are characterized by 
a distinctive biology. Primary tumors of patients with PM exhibited frequent PBRM1 mutations, 
3p loss, and 5q amplification, along with a lower frequency of aggressive features such as BAP1 
mutations and loss of 9p, 14q, and 4q. Gene expression analyses revealed constrained evolution 
with remarkable uniformity, reduced effector T cell gene signatures, and increased angiogenesis. 
Similar findings were observed histopathologically. Thus, RCC metastatic to the pancreas is 
characterized by indolent biology, heightened angiogenesis, and an uninflamed stroma, likely 
underlying its good prognosis, sensitivity to antiangiogenic therapies, and refractoriness to ICI. 
These data suggest that metastatic organotropism may be an indicator of a particular biology with 
prognostic and treatment implications for patients.
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supplemental material available online with this article; https://doi.org/10.1172/jci.insight.134564DS1). 
Table 1 shows clinicopathologic characteristics of  the 2 cohorts and comparative analyses across both 
institutions. Both cohorts were similar overall except with respect to the use of  nonsurgical approaches for 
PM management. Among the 31 patients, 10 patients (32%) had isolated PM and 21 (68%) had metasta-
ses to additional organ site(s). After a median follow-up of  101 months from initial diagnosis (57 months 
from first metastasis), 9 of  31 patients in the entire PM cohort had died, with 3 deaths definitively attrib-
utable to disease. We compared survival outcomes (from metastasis diagnosis) with a contemporaneous 
cohort of  metastatic ccRCC patients without PM from UTSW. Patients with PM exhibited superior over-
all survival (OS) (median 101 months [8.4 years] vs. 35 months [2.9 years]; HR 0.25 [95% CI, 0.13–0.49]; 
P < 0.001). Five-year survival rates were 88% in patients with PM versus 31% in historic controls (P < 
0.001) (Figure 1A).

To determine whether the differences in survival could be explained by previously validated prognostic 
factors, we controlled for IMDC risk group. All but 1 patient with PM were in a favorable or intermediate 
risk group by IMDC criteria (Table 1). We evaluated OS rates in the PM cohort compared with the histori-
cal non-PM cohort after adjusting for favorable or intermediate risk disease. Patients with PM demonstrat-
ed superior OS in both favorable (HR 0.35 [95% CI, 0.15–0.81]; P = 0.011; Figure 1B) and intermediate 
(HR 0.24 [95% CI, 0.12–0.49]; P < 0.001; Figure 1C) risk patients. Thus, the improved OS in patients with 
PM cannot be accounted for by established prognostic factors.

Next, we assessed the value of  IMDC criteria in predicting survival specifically in patients with PM. We 
asked whether overall and cancer-specific survival in patients with PM could be estimated by IMDC group. 
We compared patients with PM in an IMDC favorable group (n = 15) with those in an intermediate/poor 
group (n = 13). While the numbers were small, no apparent difference was observed in the Kaplan-Meier 
curves (Supplemental Figure 2, A and B). These data show that current risk stratification tools have limited 
utility in patients with PM. At least in this context, clinical and laboratory parameters that comprise cur-
rent prognostic models, therefore, do not sufficiently capture the heterogeneous behavior of  RCC.

One potential explanation for the improved outcomes may be that PM develop in isolation and that 
PM by themselves may not affect survival. However, nearly 70% of  the patients in our cohort had metasta-
ses to other sites in addition to the pancreas. Further, we found that OS did not vary significantly according 
to the extent of  metastases (Supplemental Figure 2C).

Patients with PM exhibit favorable response to angiogenic inhibitors but resistance to nivolumab. Next, we eval-
uated whether the presence of  PM affected treatment responsiveness. Systemic therapies for ccRCC can be 
grouped into 3 categories: angiogenesis inhibitors, mTOR complex 1 (mTORC1) inhibitors, and immuno-
therapy, largely immune checkpoint inhibitors (ICIs). To assess whether the presence of  PM impacted drug 
responsiveness, we evaluated progression-free survival (PFS) on each of  these treatments. Because PFS 
for angiogenesis inhibitors varies depending upon the line of  therapy (18), we focused on patients treated 
in the frontline. We found that median PFS in patients with PM was 26.9 versus 8.3 months in non-PM 
patients (HR 0.34 [95% CI, 0.15–0.77]; P = 0.007; Figure 1D). In contrast, there was no difference in PFS 
with mTORC1 inhibitors (everolimus and temsirolimus) (HR 0.71 [95% CI, 0.29–1.79]; P = 0.469) (Figure 
1E). Finally, we tested nivolumab and found that patients with PM progressed more rapidly on nivolumab 
than patients without PM (2.9 vs. 4.0 months; HR 2.15 [95% CI, 1.04–4.46]; P = 0.034) (Figure 1F). Thus, 
patients with PM appear to be particularly responsive to angiogenesis inhibitors but resistant to nivolumab.

Histological analyses reveal limited heterogeneity, an extensive vascular network, and low grade. The finding of  
shared features, including indolent disease with favorable prognosis, responsiveness to angiogenesis inhibi-
tors, and resistance to nivolumab, suggested that tumors with PM may represent a unique clade of  ccRCC. 
To begin to explore this question, we performed detailed pathological analyses. These analyses centered 
on the UTSW cohort (n = 18), for which extensive pathology slides were available. While ccRCC are 
notoriously heterogeneous and multiple architectures have been reported (19, 20), we found that 83% of  
primary tumors were dominated by a single architecture — small, compact nests (Figure 2A). In contrast, 
a dominant compact nest pattern was found in only 25% of  primary tumors leading to metastases outside 
the pancreas (P < 0.0001). The compact, small nest pattern consists of  well-circumscribed, small acini of  
tumor cells with clear cytoplasm, compact nuclei, and indistinct, low-grade nucleoli. This pattern is charac-
teristically associated with low-grade tumors and is the predominant pattern in nonmetastatic ccRCC (47% 
of  primary tumors without metastases) (20). The pattern is quite different from more aggressive patterns 
found in metastatic RCC patients without PM (Figure 2C).
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Table 1. Baseline clinicopathologic data of 31 ccRCC patients with PM stratified by institution (18 UTSW, 13 CC)

UTSW cohort CC cohort P valueA

Clinical data Total patients 18 13 –
Median age (IQR), yrs. 58 (55–62) 56 (53–59) 0.293

Gender (% male) 55.6 46.2 0.722
IMDC risk group at metastasis (%) 0.678

Favorable 55.6 38.5
Intermediate 38.9 38.5

Poor 5.6 0
Unknown 0 23.1

Pathologic dataB pT stage of primary tumor (%) 0.220
T1 44.4 15.3
T2 0 7.7
T3 50.0 46.1
T4 0 0

Unknown 5.6 30.8
Fuhrman grade distribution (%) 0.482

1 5.6 0
2 33.3 38.5
3 44.4 15.4
4 11.1 15.4

Unknown 5.6 30.8
pN stage (%) 0.375

pN0 55.6 38.5
pN1 0 7.7
pNx 44.4 53.8

Sarcomatoid (%) –
Present 0 0
Absent 94.4 61.5

Unknown 5.6 38.5
Rhabdoid (%) 1.000

Present 5.6 0
Absent 88.9 61.5

Unknown 5.6 38.5
Metastases 
characteristics and 
management

Metastatic at presentation (%) 22.2 23.1 1.000

Pancreatic metastasis at presentation (%) 11.1 23.1 0.625
No. metastatic sites other than pancreas (%) 0.194

0 22.2 46.2
1–2 22.2 30.8
3–4 33.3 23.1
5+ 22.2 0

Treatment of pancreatic metastasis (%) 0.010
Surgery 50.0 100.0

SBRT 11.1 0
Systemic onlyC 38.9 0

Received systemic treatment (%) 72.2 53.8 0.449
Outcomes Overall mortality (%) 27.8 30.8 1.000

Cancer-specific mortality (%) 11.1 9.1D 1.000
Median follow-up from diagnosis (IQR), mos. 101 (60–159) 102 (72–192) 0.594
Median follow-up from first metastasis (IQR), 

mos.
53 (28–75) 67 (3–115) 0.737

AIndependent-samples Mann-Whitney U or independent samples t tests were used to compare continuous variables and χ2 tests for categorical variables. 
Unknown data were excluded from statistical comparisons. Statistical significance is defined as P < 0.05. BPathologic information from the nephrectomy specimen 
was not always available, as some cases were performed at external institutions. CAll but 1 patient had extrapancreatic disease. DCause of death was unknown in 2 
patients; denominator of 11 patients used. ccRCC, clear cell renal cell carcinoma; PM, pancreatic metastases; UTSW, UT Southwestern; CC, Cleveland Clinic Taussig 
Cancer Institute; IQR, interquartile range, IMDC, International Metastatic Database Consortium; SBRT, stereotactic body radiation therapy.
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Primary tumors of  patients with PM were characterized by a prominent vascular network, evidenced 
by CD31 staining, and minimal, if  any, inflammatory infiltrate (Figure 2B and Supplemental Figure 3). 
Similar findings were observed in pancreatic metastases (Figure 2B). The increased vascularity of  PM likely 
explains the arterial enhancement characteristically observed on contrast imaging, which disappears with 
angiogenic inhibitors (Supplemental Figure 4). Overall, these data show that primary tumors that metas-
tasize to the pancreas are characterized by a uniform architecture, limited diversity, low-grade tumor cells, 
and a highly vascular stroma devoid of  inflammatory cells — findings that may contribute to explain the 
prognostic and predictive implications of  tumors with PM.

Low aggressiveness mutation profiles of  PM tumors. We performed whole exome sequencing (WES) to 
analyze the genomic landscape using our somatic mutation-calling pipeline and filtered the list for cancer 
genes based on the Catalogue of  Somatic Mutations in Cancer (21) (Figure 3A and Supplemental Table 
5). After VHL (79%), PBRM1 harbored the most mutations (55%), followed by the histone demethylase 
KDM5C (24%). We also found enrichment for MTOR mutations (21%), and these samples generally did 
not have KDM5C alterations. Other driver genes in ccRCC (22, 23) found to be mutated in our cohort 
included ARID1A (17%) and SETD2 (10%).

No driver mutations were found in TERT, which is associated with aggressive disease (24). Similarly, 
BAP1, which causes aggressive ccRCC (25–28), was mutated in only 2 samples, and neither sample was 
a primary tumor or PM (1 adrenal, 1 colon metastasis) (Supplemental Table 5). BAP1 is a tumor sup-
pressor protein and mutations often cause loss of  the protein. Loss of  BAP1 protein can also be analyzed 
by IHC, which confirmed that all other samples expressed BAP1 (Table 2). By comparison, BAP1 loss 
was observed in 25% of  patients with metastatic ccRCC without PM. The difference between these 2 

Figure 1. Patients with PM have improved survival that is independent of the IMDC risk score and better disease control with angiogenesis inhibitors 
compared with other treatments. (A) Kaplan-Meier survival analyses of PM cohort compared with a historical control of 268 metastatic ccRCC without 
PM. Kaplan-Meier survival analyses of PM cohort compared with a historical control in (B) favorable (n = 48) or (C) intermediate (n = 119) IMDC risk groups. 
Time is measured from metastatic diagnosis. (D) PFS in metastatic ccRCC patients treated with first-line angiogenic inhibitors, stratified by the presence 
(n = 12) or absence (n = 177) of PM. PFS with (E) mTORC1 inhibitors (6 patients with vs. 117 patients without PM) and (F) nivolumab (9 patients with vs. 
66 patients without PM). PM, pancreatic metastases; ccRCC, clear cell renal cell carcinoma; IMDC, International Metastatic Database Consortium; PFS, 
progression-free survival; mTORC1, mTOR complex 1.
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cohorts was statistically significant (P = 0.009) (Table 2). These data support that BAP1 mutations, which 
are causative of  ccRCC and drive aggressive disease (25, 29, 30), are infrequently found in tumors that 
metastasize to the pancreas.

We previously reported that PBRM1 loss is associated with improved outcomes in patients (30), and 
further expanded our mutational studies with IHC analyses. We found that PBRM1 protein expression 
was lost in 23 patients (77%) (Table 2). This included 10 additional samples in which a mutation was not 
detected (possibly due to dilution of  mutant tumor reads from stromal contamination). While the results 
did not reach statistical significance, the overall rate of  PBRM1 loss among patients with PM (77%) was 
15% higher than a separate internal cohort of  105 patients with metastatic ccRCC lacking PM (77% vs. 
62%) (Table 2). PBRM1 loss was a truncal event in our cohort, with concordance rates between primary 
tumors and PM for PBRM1 loss of  94% (n = 18 patients with matched samples).

These data reveal that tumors that metastasize to the pancreas show an evolutionary profile character-
ized by a low frequency of  mutations associated with aggressive disease, such as TERT and BAP1, and a 
higher frequency of  PBRM1 loss, which is typical of  a more indolent disease.

Low aggressiveness chromosomal alterations. We next performed copy number analyses in our cohort 
of  31 patients. We observed DNA copy number variants (CNVs) characteristic of  ccRCC (22, 31–33), 
including frequent losses of  chromosome 3p (93% of  patients), gains in 5q (72%), and gains in chro-
mosome 7 (41%) (Figure 3B, Supplemental Figure 5, and Supplemental Table 3A). CNVs associated 
with aggressive ccRCC, including losses in 9p, 14q, and 4q as well as 8q gains (22, 31, 33–37), were less 
frequent in patients with PM than in purely metastatic cohorts (33). Overall, the rates of  copy number 

Figure 2. PM tumors are characterized by a homogeneous, small nest architectural pattern with a highly vascular network and infrequent inflammato-
ry cells. (A) Pie charts showing the distribution of architectures in primary tumors of patients with PM (n = 12) and reference pathology cohorts: patients 
without metastases (n = 431), and patients with non-PM metastases (n = 110). (B) H&E sections and IHC for PBRM1 and CD31 of PM as well as H&E sec-
tions of corresponding primary tumors. Pie charts of architectures corresponding to patients are shown below. (C) Architectural subtypes associated with 
more aggressive ccRCC. PM, pancreatic metastases; ccRCC, clear cell renal cell carcinoma.
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Figure 3. PM tumors are characterized by a mutational and copy number profile of less aggressive ccRCC, with clustered gene expression revealing 
constrained evolution. (A) Oncoplot of somatic mutations based on the Catalogue of Somatic Mutations in Cancer in primary tumors (T suffix) and 
metastases (M suffix) from 31 patients with PM (separated by white lines). Most highly mutated genes are shown, with corresponding patient muta-
tion percentages (left). (B) Average copy number alterations of primary and metastatic samples (n = 48) corresponding to 31 patients. (C) Principal 
component analysis of gene expression from fresh frozen PM primary tumors and metastases (n = 12) compared with controls (UT Southwestern) 
(Hotelling’s T-squared P < 1 × 10–16). PM, pancreatic metastases; ccRCC, clear cell renal cell carcinoma.
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abnormalities observed in our cohort were more similar to what has been observed in nonmetastatic 
primary ccRCC (Supplemental Table 3B) (22, 32).

We next compared CNVs in the primary tumor with those in either PM or other metastases in the same 
patients. PM exhibited a CNV profile that was more similar to the primary tumor than other metastases 
(Supplemental Table 3A and Supplemental Figure 5). These data suggest that limited diversification is 
observed not only in the primary tumors leading to PM, but also in the PM themselves. Overall, these data 
suggest that tumors associated with PM are characterized by a limited spectrum of  alterations consistent 
with a constrained evolutionary process.

Uniformity, angiogenesis, and reduced inflammation characterize gene expression profiles of  PM tumors. We 
performed RNA-Seq on both primary tumors and metastases. Both primary tumors and metastases 
from patients with PM clustered together, suggesting limited evolutionary divergence (Figure 3C). In 
addition, as a whole, PM tumors clustered separately from non-PM tumors, showing that PM tumors 
represent a homogeneous and distinctive group of  ccRCC (Hotelling’s T-squared P < 1 × 10–16; Figure 
3C and Supplemental Table 6).

Next, we performed gene ontology analyses. Interestingly, we identified an enrichment for processes 
that regulate chromatin such as nucleosome assembly, organization, and positioning as well as chromatin 
silencing, which is noteworthy, as low-grade tumors are characterized by compact heterochromatin (Sup-
plemental Table 4). Histone coding genes were frequently overexpressed in PM tumors (and Supplemental 
Figure 6). Pathways involving histone clusters 1–3 (e.g., histone H3-K27 trimethylation) were the most 
highly enriched pathways in PM tumors, which is notable given the important role that chromatin remod-
eling genes play in ccRCC and their prognostic implications (38).

We expanded these analyses to evaluate previously validated angiogenic and inflammatory signatures 
(39–41). In keeping with our histology results, we found that PM and the corresponding primary tumors 
were enriched for angiogenic markers and had low levels of  inflammatory markers, such as effector T cells 
(Supplemental Figure 7).

We extended gene expression analyses to evaluate an empirically derived tumor microenvironment (eTME) 
gene expression signature, which we previously reported (42). According to this signature, 2 dominant subtypes 
of RCC were identified: an inflamed subtype and a noninflamed subtype characterized by angiogenesis genes. 
We observed that PM (and the corresponding primary tumors) were characterized by an angiogenic signature 
and low levels of inflammation (Figure 4, A–G). More specifically, we observed an enrichment for endothelial 
cells and a lower frequency of macrophages, B cells, T cells, natural killer cells, and neutrophils. These pheno-
types correspond to the typical noninflamed subtype of RCCs that we previously defined (42).

Tumors harboring mutations in PBRM1 engraft in the pancreas of  host mice. Finally, we asked whether 
tumors with PBRM1 mutations had the ability to grow when implanted directly onto the pancreas 
of  immunocompromised mice. Tumor samples from 2 different patients with PBRM1 mutations were 
implanted heterotopically into the pancreas of  NOD/SCID mice and monitored for growth (Figure 5). 
Tumors from both patients engrafted, demonstrating that tumors with PBRM1 loss are able to grow in 
the pancreas (Figure 5, A–E and H–L). IHC for PBRM1 confirmed that these tumors do not express 
PBRM1 (Figure 5, F and M). These tumors exhibited a prominent vascular network, at least regionally 
(Figure 5, G and N). These data provide proof  of  principle that the pancreas is able to support the 
growth of  ccRCCs with PBRM1 mutations.

Table 2. χ2 analysis of PBRM1 and BAP1 IHC (per patient and per sample) for patients with metastatic ccRCC according to the presence 
of pancreatic metastases

IHC expression
Per patient analysis Per sample analysis

Patients with PM, 
% (no.)A

Patients without 
PM, % (no.)

P value Total samples,  
% (no.)

PM tumors,  
% (no.)B

Non-PM sites,  
% (no.)

PBRM1 loss 77% (23) 62% (65) 0.192 77% (40) 80% (16) 75% (24)
BAP1 loss 3% (1) 25% (29) 0.009 4% (2) 0% (0) 6% (2)
AExcludes 1 patient with discordant PBRM1 and 1 with discordant BAP1 IHC expression between matched tumor sites. BIncludes 1 tumor with direct 
extension from a renal bed recurrence to the pancreas that retained PBRM1 expression. ccRCC, clear cell renal cell carcinoma; PM, pancreatic metastases.
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Discussion
Herein we report the most comprehensive study of  RCC metastatic to the pancreas to date. Our data show 
that tumors that metastasize to the pancreas are associated with improved outcomes irrespective of  the 
current IMDC model (43), and that this model has limited application in this setting. Further, we show 
that tumors with PM are associated with differential response to systemic therapy, and while they respond 
favorably to antiangiogenic drugs, they are resistant to nivolumab. PM tumors are characterized by a homo-
geneous, indolent, highly vascular, small nest architecture as well as a profile of  mutations and CNA charac-
teristic overall of  indolent/nonmetastatic ccRCC. Gene expression analyses revealed limited evolution and 
an angiongenic signature, which together with histopathological studies, provide a potential explanation for 
the differential treatment responsiveness. Overall, these findings suggest that tumors that metastasize to the 
pancreas represent a distinct clade of  ccRCC, even if  concomitant metastases are found elsewhere.

Figure 4. Primary tumors with PM are characterized by an angiogenic signature and low levels of inflammation. Box-and-whisker plots compar-
ing median relative gene expression levels (lines within the boxes) and IQRs (bounds of the boxes) for primary tumors and metastases of PM and 
non-PM patients for the indicated empirically defined tumor microenvironment gene signatures. Whiskers extend to 1.5 times the IQR. Open circles 
represent the most extreme data points beyond the whiskers (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by 2-tailed Student’s t tests). PM, 
pancreatic metastases; IQR, interquartile range.
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Comprehensive genomic and histopathological analyses show that PM tumors are characterized by 
low aggressiveness. Genetic and IHC analyses revealed a low frequency of  BAP1 loss, which we and 
others previously showed is associated with aggressive disease (25, 26, 28, 30, 44) and a high frequency 
of  PBRM1 loss (>75%), which is associated with less aggressive disease (25, 30). Similarly, PM tumors 
are characterized by 3p loss and 5q amplification, a characteristic chromotryptic event in ccRCC, with a 
low frequency of  copy number alterations associated with aggressiveness, such as 9p, 14q, and 4q loss. 
Interestingly, genomic alterations were not significantly different in PM despite sometimes a span of  over 
a decade between the primary and the PM.

What drives tropism to the pancreas is poorly understood. The small, compact nest pattern distinc-
tively enriched in our cohort is characterized by an interdigitating stroma with an extensive vascular net-
work, which we speculate reflects dependency on angiogenesis. This dependency may influence metas-
tases by restricting growth to highly vascularized destinations, like the pancreas (45). Further, we show 
that PBRM1-deficient tumors are able to engraft in the pancreas. High vascularity characterizes other 
endocrine organs as well, such as the thyroid and adrenal gland, and, interestingly, when metastatic to 
these organs, RCC has similarly been associated with a favorable prognosis (46–48). Interestingly, prom-
inent vascularization of  these tumors may underlie their exquisite sensitivity to angiogenesis inhibitors.

Conversely, PM tumors were characterized by a lack of  an inflammatory stroma. This was observed 
histologically and also by RNA-Seq. This may explain why these patients were refractory to nivolumab. 
Indeed, “cold” tumors without inflammatory cells are notoriously resistant to ICI (49–51). The lack of  an 
inflammatory stroma may also explain the limited utility of  the IMDC prognostic model, as 4–6 variables 
that comprise the IMDC model (thrombocytosis, anemia, neutrophilia, and low-performance status) may 
reflect tumor-induced systemic inflammation (42). As PM tumors are generally devoid of  an inflammatory 
stroma, they escape prognostication by this model.

The PM stroma characterized by a prominent vascular network and low levels of inflammation likely relates 
to the underlying genetic characteristics of the tumor. Indeed, we and others previously reported a correlation 
between BAP1 mutation and an inflamed stroma (42). How BAP1 loss may promote inflammation is unclear, 
but BAP1 loss has been associated with reactivation of endogenous retroviruses in humans, which may trigger 
an immune response (52). Conversely, PBRM1 loss has been linked to angiogenic gene expression and respon-
siveness to antiangiogenic agents (39, 41). Furthermore, gene targeting experiments in the mouse kidney show 
that Vhl and Pbrm1 inactivation results in ccRCC with compact nests and a prominent vascular network, indicat-
ing that these alterations likely drive the characteristic histology of PM. In contrast, Vhl and Bap1 inactivation in 
the mouse kidney results in more aggressive, inflamed and less vascularized tumors (25, 30).

PM tumors may represent an extreme case in the spectrum of  ccRCC and, as such, may help inform 
the current therapeutic debate that centers around the optimal use of  angiogenesis inhibitors and ICI. Our 
data suggest that tumors with PM benefit from antiangiogenic therapy, but not ICI, which may be curative 
for some patients. That tumors may be dichotomized between these two extremes is suggested by our 
previous analyses of  599 ccRCC samples using our eTME, where we found that inflammatory and angio-
genesis signatures are mostly nonoverlapping (42). Similar observations have been made by others (41). 
However, these are likely extremes, and it is unknown how many tumors may benefit from combining 
antiangiogenic drugs, such as axitinib, with ICI, such as pembrolizumab, a recently FDA-approved regi-
men (18). Furthermore, by reducing perfusion, antiangiogenic drugs may induce necrosis, which in turn 
may promote inflammation and synergize with immunotherapy. Determining the role of  antiangiogenic 
therapies versus ICI in patients with PM would ultimately require prospective clinical trials.

Methods
Patients. Clinical information and tumor samples were obtained from patients with metastatic RCC at 
UTSW and Cleveland Clinic Taussig Cancer Institute (CC). Metastatic RCC patients found to have PM 
either at diagnosis or during follow-up were identified from both institutions. PM were confirmed his-
tologically or by a radiologist with dedicated genitourinary expertise on multiphase contrast-enhanced 

Figure 5. The pancreas supports engraftment and growth of ccRCC with PBRM1 loss. (A and H) Images of tumors growing in the pancreas of 7 NOD/
SCID host mice from 2 different patients with PBRM1 mutations. Dotted black circles demarcate the tumor areas. (B and I) Ultrasound images of 
tumor growth. (C and J) Images of harvested tumors from indicated mice. (D and K) Tumor volumes at implantation and harvest. (E and L) H&E stain-
ing of the tumors showing pancreatic interface in red; P-pancreas; T-tumor. (F and M) PBRM1 and (G and N) CD31 IHC studies. **P < 0.01.
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cross-sectional imaging (CT or MRI). PM were required to be noncontiguous with the primary tumor; 
patients with direct extension of  the primary renal tumor to the pancreas were excluded.

Baseline clinical data, including patient demographics, comorbidities, performance status, and IMDC 
risk scores were collected. Pathologic information from primary tumors (or where available, metastatic 
sites) was collected, including tumor size, histology, ISUP grade, lymphovascular invasion, multifocality, 
necrosis, surgical margins, and presence of  sarcomatoid or rhabdoid features. The timing of  metastasis was 
obtained, along with the total number and location of  metastatic sites and the type and number of  systemic 
therapies received. Treatment approaches to PM, which included surgical resection, stereotactic radiother-
apy, or systemic therapy, were noted. Oncologic outcomes including PFS, OS, and cancer-specific survival 
(CSS) were recorded. OS and CSS were measured from the time of  initial diagnosis of  metastatic disease.

Heterotopic tumor implantation into mice. Fresh tumor fragments from 2 lines (XP1153d and XP778) were 
implanted heterotopically in the pancreas of  4- to 6-week-old NOD/SCID mice (The Jackson Laboratory). 
A small skin incision (~1 cm) was made in the left flank. The pancreas was exteriorized by pulling out the 
spleen carefully using a sterile swab and forceps. A tumor fragment (~8 mm3) was anchored into a suture 
needle (Coated PGA 6-0, 041178) and sutured into the pancreatic head region. Mice were monitored week-
ly and tumor volumes were assessed by ultrasound (VisualSonics Vevo-770).

Sample nomenclature. Tissue samples for analysis were obtained from the primary renal tumor as well 
as metastatic sites (PM and other distant metastases); matched normal tissue was evaluated as a reference. 
A schema of  the PM cohort is shown in Supplemental Figure 1. Supplemental Table 1 lists all the samples 
evaluated and the respective analyses. Among 56 tumor samples, 17 were fresh frozen (from UTSW) and 39 
were FFPE (10 from UTSW, 29 from CC). Samples designated by the prefix “XP” or “PtS” signify UTSW 
samples, whereas those designated by “CC-UT” signify CC samples, which were evaluated at UTSW. A 
number follows the prefixes; suffixes designate whether a sample was obtained from the primary tumor (T), 
thrombus (Th), or metastasis (M). In some instances, multiple samples were obtained from different sites, 
and an additional numerical suffix is added at the end to make this distinction.

Pathological analyses. The morphologic architecture, cytologic pattern, and tumor microenvironment 
in each sample were centrally reviewed and characterized by a genitourinary pathologist after preparing 
H&E-stained slides. Morphologic patterns were evaluated according to a recently developed classification 
system that correlates with tumor aggressiveness and prognosis (20).

IHC staining for BAP1, PBRM1, and CD31 was performed at UTSW on FFPE tissue using Autostainer 
Link 48 (Dako), as previously described (26, 30). Primary antibodies were obtained from Bethyl Laboratories 
(PBRM1, 1:4,000 dilution, A301-591A), Santa Cruz Biotechnology (BAP1, 1:700 dilution, sc-28383), and 
Agilent Technologies (CD31, clone JC70A, 1:50 dilution). Positive staining in the background of stromal cells 
and intratumoral lymphocytes was used as an internal control. Tumors were characterized as PBRM1 or BAP1 
negative when they lacked strong or diffuse nuclear staining. Appropriate positive and negative controls were 
used for each run and checked for validation. One of the PM tumors found to express PBRM1 was noted to 
be a renal bed recurrence with direct extension to the pancreas rather than a pure metastasis to the pancreas. 
After exclusion of this sample from analysis, the rate of PBRM1 loss among pancreatic tumors rose to 84%.

Nucleic acid extraction. Nucleic acid was extracted and purified from fresh frozen (UTSW) or FFPE 
(UTSW, CC) tissue as previously described (26). For fresh frozen tissue, DNA and RNA were simultaneous-
ly extracted and purified using AllPrep DNA/RNA Mini Kit (QIAGEN, 80204). For FFPE tissue, DNA 
was extracted using QIAamp DNA FFPE Tissue Kit (QIAGEN, 56404), and RNA was extracted using 
TRIzol reagent (Thermo Fisher, 15596026). Nucleic acid yield and quality were assessed using a NanoDrop 
ND-1000 spectrophotometer (NanoDrop Technologies). RNA quality was further evaluated by quantifying 
the abundance of  ribosomal RNA fractions with Experion (Bio-Rad) and/or 2100 Bioanalyzer (Agilent).

WES. Extracted DNA was submitted to either Genohub/Admera (UTSW samples) or the New York 
Genome Center (CC samples) for WES. Sequencing was conducted using the HiSeq2500 platform (Illumi-
na) to generate 2 × 75 bp paired-end data. Quality of  the sequencing data was checked by FastQC (https://
www.bioinformatics.babraham.ac.uk/projects/fastqc/). A mean coverage of  118× (after duplicate removal) 
was achieved for exome libraries on tumor samples (105× for UTSW samples, 134× for CC samples). Total 
mutation burden was higher for CC samples (possibly related to higher coverage and FFPE samples), but did 
not vary between fresh frozen and FFPE samples from UTSW.

We used the Quantitative Biomedical Research Center (QBRC) mutation calling pipeline (53) (https://
github.com/tianshilu/QBRC-Somatic-Pipeline, main branch, d29d583), developed by the QBRC at UTSW, 
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for somatic mutation calling. In short, exome sequencing reads were aligned to the human reference genome 
GRCh38 (hg38) by BWA-MEM (43). Picard was used to add read group information and sambamba was 
used to mark PCR duplicates. GATK toolkit (54–56) was used to perform base quality score recalibration 
and local realignment around indels. MuTect (57), VarScan (58), Shimmer (59), SpeedSeq (60), Manta, and 
Strelka2 (61) were used to call SNPs and indels. A mutation that was repeatedly called by any two of  these 
software tools was retained. Annovar was used to annotate SNPs and indels and protein sequence changes 
(62). A minimum of 7 total reads in the normal sample and at least 3 variant reads in the tumor sample with 
a variant allele frequency ≥5% were required for somatic mutation calling. Intronic, untranslated region, and 
intergenic mutations were filtered out. Missense mutations predicted to be benign by both PP2 and SIFT were 
filtered out, with <5% chance of  inducing functional changes at the protein level (63).

We carried out somatic CNV analyses on our WES data using CNVkit implemented as a part of  our 
mutation calling pipeline (https://github.com/tianshilu/QBRC-Somatic-Pipeline, main branch, d29d583) 
with default parameters on paired tumor-normal sequencing data. CNVkit uses both on- and off-target 
sequencing reads to calculate log2 copy ratios across the genome for each sample and improves accuracy in 
copy number calling by applying a series of  corrections (64). Arm gain or loss was called when >50% of  the 
chromosome arm exhibited copy number gain or loss (22, 33).

RNA-Seq. RNA-Seq was performed on fresh frozen samples by Admera Health. RNA-Seq libraries were 
prepared using the TruSeq RNA Sample Preparation kit (Illumina). The libraries were multiplexed 3 per 
lane and sequenced on the HiSeq2500 platform to obtain, on average, approximately 100 million paired-
end (2 × 75 bp) reads per sample. FastQC was applied to conduct quality control procedures, with the 
parameters “--extract --threads 48 -q.” RNA-Seq reads were aligned to the human reference genome GRCh38 
(hg38) using STAR (https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3530905/) with the parameters 
“--runThreadN 48 --outSAMtype BAM Unsorted --outReandsUnmapped Fastx.” The featureCounts software 
program (65) with parameters “--primary -O -t exon -g transcript_id -s 0 -T 48 --largestOverlap --minOverlap 3 
--ignoreDup -p -P -B -C” was then used to measure gene expression levels. The human genome annotation file 
employed by featureCounts was downloaded from the University of  California Santa Cruz table browser 
under the RefSeq Gene track. Downstream analyses were performed using the R computing environment 
(version 3.2.1). Reads per kilobase million (RPKM) values were calculated from gene read counts. RPKM 
values were then log2-transformed, by log(x+1), where x is the expression level, and quantile normalized. 
Two-tailed Student’s t test was applied to assess the statistical significance of  differentially expressed genes.

All fresh frozen UTSW samples were compared with a historic UTSW cohort of  ccRCC patients with-
out PM that had available RNA-Seq data from fresh frozen tumors. Principal component analysis was 
performed, and the PM and historic cohorts were compared using Hotelling’s T-squared statistic.

Accession codes. Sequencing data for patients specifically consenting to have their genomic data in a 
public database have been made available through the European Genome-phenome Archive (accession 
code: EGAS00001004208).

Statistics. Baseline clinicopathologic characteristics were tabulated across the entire cohort and 
compared between institutions (UTSW, CC) using independent-sample Mann-Whitney U and χ2 tests 
for continuous and categorical variables, respectively. CSS and OS from the time of  first metastasis were 
compared within the entire PM cohort using Kaplan-Meier methods stratified by IMDC risk score, and 
differences were analyzed with the log-rank statistic. We also compared OS and PFS between our PM 
cohort and a historic UTSW control cohort of  metastatic ccRCC patients without PM who received 
systemic therapy for RCC at UTSW between 2006 and 2018 (Supplemental Table 2) and performed par-
allel subgroup analyses by controlling for IMDC risk score. For PFS analysis, progression was defined 
by the presence of  new or enlarging lesions while receiving a particular line of  systemic therapy accord-
ing to Response Evaluation Criteria in Solid Tumors (version 1.1). Concordance rates between IHC 
and WES results were evaluated. Statistical analyses were conducted using SPSS version 25.0 (IBM). 
P values are 2-sided, with statistical significance defined as P < 0.05. All patients and samples available 
for clinical and IHC analyses are summarized in Supplemental Table 1. For IHC analyses, our historic 
control consisted of  patients with metastatic ccRCC without PM treated at UTSW who had interpreta-
ble and unequivocal IHC without heterogeneity between matched tumor sites, if  available.

Study approval. Clinical information and tumor samples were obtained from patients with metastatic 
RCC at UTSW and CC under the purview of  Institutional Review Board-approved protocols. Written 
informed consent was obtained for UTSW patients prospectively enrolled in tumor banking protocols.
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Tumor graft studies were conducted according to the Institutional Animal Care and Use Committee 
protocol (APN 2015-100932).
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